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LEARNING OBJECTIVES: After participating 
in this CME activity, the spine surgeon should 
be better able to:
1. Describe the various types of bioskills 

training.
2. Distinguish the advantages and disadvan-

tages of each bioskills training method.

Key Words: Bioskills, Education, Training

B ioskills training modules are edu-
cational tools, which intend to 
take surgical training out of the 

high-risk operating environment and allow 
trainees to safely learn and practice the 
complex skills involved.1 Human cadavers 
have been the gold standard, but since the 
advent of synthetic models and virtual 

simulation, there is an ever-expanding list 
of ways to accomplish these goals for 
trainees. Each of these methods has their 
own inherent advantages and disadvan-
tages, thus can be combined to maximize 
the educational benefit.

The pressures of resident work-hour 
restrictions, budget limitations, and medi-
colegal consequences of surgical complica-
tions have led residency programs across 
subspecialties to search for cost-effective 
and evidence-based methods of training 
qualified surgeons.2 Spine surgery requires 
complex skills that take repeated practice 
to adequately master to minimize the risks 
to patients. This training has traditionally 
been done in an apprenticeship model in 
the operating room (OR) environment on 
live patients. In a review of orthopedic 
malpractice cases from 2010 to 2016, 
spine surgery was the most common sub-
specialty in cases, at 25.9%, followed by 
knee (21.0%) and hip (13.6%) proce-
dures.3 In other words, spine surgery is a 
high-risk surgical subspecialty, and has 
become a flash point of the inherent ten-
sion between maximizing patient safety 
and providing residents with adequate 
opportunities to gain experience.

McCarthy et al surveyed academic 
spine surgeons using a Likert scale1-10 to 
gauge their assessment of perceived read-
iness for spine surgery after residency. 
Neurosurgical residents were perceived 

on average to be more prepared (8.17) 
than orthopedic residents (3.14) for prac-
ticing spinal surgery. This relative lack of 
readiness correlated with average spine 
case volume, of which orthopedic resi-
dents take part in less than half (41–80 
cases) of their neurosurgical colleagues 
(200 cases). The number of procedures 
needed to achieve competence in these 
surgical procedures illustrates the impor-
tance of orthopedic spine fellowships, 
which add 300 to 500 cases.1

It has been demonstrated that the 
performance of complex surgical skills 
requires a “learning curve” and repetitive 
deliberate practice to master. For exam-
ple, Gonzalvo et al4 concluded that spine 
fellows needed to perform at least 40 to 
80 pedicle screw placements to achieve 
reproducible accuracy consistent with 
attending level skill. In addition, Lee et al5 
reported competency for minimally inva-
sive transforaminal lumbar interbody 
fusion to be achieved after 44 procedures. 
Bergeson et al6 demonstrated that novice 
resident surgeons placing thoracic pedi-
cle screws in cadavers were able to 
improve accuracy significantly, to compe-
tent levels, by the fourth cadaver. These 
more “shallow” learning curves illustrate 
the opportunity for residents to practice 
spine procedures and techniques in a safe 
environment outside the OR to gain 
proficiency.7
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Surgical simulation allows trainees 
to safely practice performing technically 
difficult skills such as using high-speed 
drills and placing pedicle screws in con-
fined places, which are essential in spine 
practice.8 Simulation methods can be 
assessed for specific procedures and by 
the methods themselves. This article 
reviews the evidence and cost-effective-
ness for each of these methods indepen-
dently and in combination.

CADAVERS
As the gold standard for nonclinical 

surgical training, cadavers are widely 
used and popular with trainees.1,9 They 
provide an opportunity for residents to 
practice skills such as handling instru-
ments, surgical approaches, instrumenta-
tion, and decompression on a high-fidelity 
model of a real patient. Residents per-
ceive the skills practiced in cadaver labo-
ratories to be transferable to the OR 
through increased confidence, speed, and 
efficiency.10

In an experimental neurosurgical 
curriculum with cadavers, synthetic mod-
els, and computerized/haptic simulators, 
Gasco et al9 reported cadavers as impart-
ing the highest reported benefit by resi-
dents (71.5%), compared with physical 
simulators (63.8%) and haptic/computer-
ized simulators (59.1%). Notably, junior 
residents [postgraduate years [PGY] 1–3] 

reported substantially higher educational 
benefit from cadavers than senior resi-
dents (PGY 4–6), 91.7% and 47.6%, 
respectively.9 In a survey of orthopedic 
residents, Losco et al10 reported that 
45.7% of residents perceived cadaver 
skills sessions to be “extremely benefi-
cial” for understanding specific surgical 
techniques, and 44.4% reporting them to 
be “very beneficial” for becoming familiar 
with arthroscopic or other surgical instru-
ments; 60% of orthopedic residents 
reported cadaver laboratories to be “very” 
or “extremely” beneficial for improving 
speed and confidence in the OR.10

The benefits of cadavers will also vary 
based on preservation methodology. 
Cadavers can be preserved in several ways, 
notably formaldehyde or “formalin” 
embalmed, Thiel-embalmed, and Crosado-
embalmed. Formalin (37%–39% formalde-
hyde) is the most widely used and can 
preserve cadavers for up to 3 years, but it 
is also a carcinogen, has an abrasive odor, 
and makes tissues stiff. Thiel cadavers also 
preserve tissue for up to 3 years, but keep 
joints flexible and tissue pliable better than 
formalin. Crosado cadavers use a low 
concentration of formalin (2%) and pre-
serve bone and cartilage well. Tomlinson 
et al11 compared Thiel-embalmed, Crosado-
embalmed, and formaldehyde-embalmed 
cadavers for pedicle screw placement and 
had spine surgeons rate them using a 

http://LWW.com
mailto:customerservice@lww.com
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7-point scale for fidelity to a live human. Thiel-embalmed cadavers 
rated highest for soft tissue feel and appearance (6/7), Crosado-
embalmed cadavers were rated highest for bony feel (6/7), and 
formaldehyde-embalmed cadavers were lowest for both catego-
ries. If the primary educational goal is soft tissue based, such as 
the surgical approach, then a Thiel-embalmed cadaver would be 
best. If the training involves instrumentation, such as pedicle 
screw placement, then a Crosado-embalmed cadaver may be ideal 
for haptic feedback.11

Instrumentation skills seem to benefit most from cadavers 
in resident education. In particular, the reproducible, accurate 
placement of pedicle screws is a skill with a lengthy learning 
curve that requires understanding of complex anatomy and 
responsiveness to tactile feedback in differentiating cortical 
bone from cancellous bone.12,13 The accuracy of screw place-
ment has a direct effect on patient outcomes and need for revi-
sion surgery.13 Cadaver bone is able to offer the tactile feedback 
that synthetic bone has yet to effectively replicate.14

Disadvantages of cadavers include the variable regional 
availability, high cost (US $2000–$4000), and costs of storage 
and maintenance of laboratories. In addition, because cadavers 
are predominantly obtained from the elderly population for 
whom osteoporotic bone is common, this can make tactile dif-
ferentiation of cortical bone from cancellous bone more chal-
lenging.14 In summary, the logistical, financial, and ethical bar-
riers that limit the reliable supply of cadavers means training 
programs will continue to search for complementary or substi-
tute methods of efficacious and cost-effective training models.

SYNTHETIC BONE MODELS
Sawbones

High costs, inconsistent availability, and lack of standardi-
zation between cadaver specimens have driven the development 
of a synthetic replacement that accurately recreates the anato-
my and biomechanical properties of human bone. Early models 
of composite bones, before the late 1990s, required manual 
craftmanship of fiberglass material to produce and poorly repli-
cated biomechanical properties of bone. In the late 1990s, the 
manufacturing process began using short glass fiber reinforced 
(SGFR) epoxy, which was able to be directly injected into cast-
ings made from an adult male donor for a high-fidelity anatomi-
cal reproduction of cortical bone. This process not only signifi-
cantly decreased the labor needed to produce large quantities of 
composite bones, but also matched the biomechanical proper-
ties of human bone with SGFR epoxy.15

The current fourth-generation Sawbones are composite bone 
models, which have a cortical shell made of an even more opti-
mized SGFR epoxy and cancellous core made of solid rigid polyu-
rethane foam. Molds for epoxy injection are created and stand-
ardized using aggregate CT data from cadaveric bones.15 Most 
normal spinal Sawbones cost under US $200, and pathologic 
models are slightly more expensive in the US $300 to $400 range. 
They are a low-cost alternative to cadavers, are easily acquired, 
have no special storage or preparation requirements, no risk of 
disease transmission, and have no ethical considerations.16

Sonnadara et al17 demonstrated that surgical skills courses 
using Sawbones can be highly effective at teaching and develop-
ing targeted basic surgical skills in orthopedic trainees. 
Orthopedic PGY 1s at the University of Toronto were divided 
into 2 groups: participation in an intensive 30-day surgical 
skills course (n = 6) or in normal residency training (n = 16, half 
on-service, half off-service). All participants were assessed for 
9 core surgical skills using an objective assessment of technical 
skills (OSATS) procedure before and after the 30-day period. 
Skills tested include hand scrubbing, gowning and gloving, 
prepping and draping, Foley catheter insertion, instrument 
identification, screw insertion into Sawbones, cutting a predes-
ignated wedge out of Sawbones, wound closure, and applying a 
plaster splint. Residents in the intensive skills laboratory group 
performed better than their peers on both OSATS and global 
rating scale scores at the end of the 30 days, and the control 
group demonstrated no difference in scores between on-service 
and off-service residents.17

Boody et al18 studied Sawbones in the context of a lumbar 
laminectomy bioskills training session and demonstrated objec-
tive improvement in trainees’ technical and procedural skills. 
Participants (fourth-year medical students, residents) were 
randomized to control (n = 9) or intervention (n = 11). After a 
pretest assessment, the control group had 40 minutes of self-
directed learning about lumbar decompression, whereas the 
intervention group underwent a 40-minute bioskills training 
module. This module consisted of a senior resident presenting 
a 10-minute PowerPoint highlighting the steps of the proce-
dure, proper use of surgical instruments, and review of the 
3-dimensional (3D) degenerative and normal anatomy using 
Sawbones models, followed by 30 minutes of practice perform-
ing lumbar decompressions on Sawbones models with active 
feedback from the presenter. Pre- and posttest performance was 
self-reported by each participant [Physician Performance 
Diagnostic Inventory Scale (PPDIS)], and objective evaluation 
was obtained from a blinded fellowship-training attending 
orthopedic spine surgeon using OSATS and Objective 
Decompression Score metrics. The intervention group demon-
strated a significant mean improvement in OSATS (P = .022) 
and PPDIS (P = .0001) scores. The authors concluded that 
Sawbones training modules can be an efficient and effective tool 
for teaching fundamental spine surgical skills outside the OR 
(Figure 1).18

Hands-on orthopedic training with Sawbones may be a 
cost-effective, readily available method for residents and fel-
lows to visualize the bony anatomy and practice the technical 
skills needed in the OR.19 However, the lack of surrounding soft 
tissue elements and inability to replicate tactile feedback of the 
cortical and cancellous bone interface, due to little or no differ-
ences in internal structure or cortical shell thicknesses, make it 
an imperfect model for comprehensive OR simulation.14

3D Printed Spines

A recent innovation, 3D-printed spines offer several advan-
tages over traditional Sawbones models. Hao et al14 developed 
the 3D-printed MedPhantom, with the intended use to offer 
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similar tactile feel, mechanical characteristics, and visual 
appearance as human vertebral bone. To accomplish this, the 
authors focused on creating an accurate representation of an 
internal trabecular framework within a solid print created from 
15% gypsum mixed with 100% clear resin and 10% castable 
mixed with 90% clear resin (Figure 2). Biomechanical testing 
demonstrated the most high-fidelity composite bone dimensions 
to human vertebrae to be 2-mm cortical wall thickness, 3-mm 
gap size, and 0.3-mm radius of internal cylinders (replicating 
trabeculae). Surgeons assessing this model rated the tactile feel 
of trocar insertion, commonly used in minimally invasive spine 
surgery, to be similar to human bone.14

Park et al12 created 3D-printed spine models using a proto-
col provided and validated for spinal fixation research by Wu 
et al,20 which used real patient CT scans, and assessed resi-
dents performing free-hand lumbar pedicle screw placement. 

There were significantly fewer wall breeches, and less mean 
length of time to complete between the first and second spine 
models, which were instrumented. Notably, no critical violations 
(>2 mm) occurred in the second group.12 

From a training program perspective, Schwartz et al21 report-
ed an initial required investment of $52,000 to $56,000, which 
covers the printer, printer base cabinet, installation, training, and 
printer software, plus a 1-year warranty. This cost can potentially 
be lowered given the availability of open-source software.22 
Several companies are able to convert patient CT/MRI data into a 
3D-printing format to print individualized models. Stratasys 
(Figure 3) is one of the most costly on the market; their PolyJet 
stereolithography (SLA) resin prints can range from $6000 to 
$20,000 (not including ownership of the printer). On the lower 
range, Formlabs SLA resin prints cost as little as $3500 (which 
includes ownership of the printer and resin). Future improvements 
in 3D printing technology combined with market competition will 
likely continue to decrease cost and reduce the pricing gap.23

SIMULATION SYSTEMS
The 3 broad categories of simulation systems include vir-

tual reality (VR), mixed reality, and augmented reality (AR).24 
VR, wherein the entire simulation is virtual, has already been 
used in a teaching role to allow trainees to practice surgical 
procedures in a risk-free environment.25-27 Mixed reality is vir-
tual, combined with a physical simulator component. AR, when 
a virtual component is superimposed onto physical reality (ie 
heads-up display), is the most tested and has been successfully 
used clinically along the entire spine,24,28,29 and for procedures 
ranging from deformity,30 vertebroplasty,31 to biopsy.24 AR has 
been used for training purposes primarily through 3D naviga-
tion to assist pedicle screw placement.29

VR, which demonstrates promise for safe and effective spine 
surgery training, has not been studied as much as other methods. 
VR simulation has already been demonstrated to be effective in 
preoperative warm-ups by reducing errors and time of proce-
dure.32 In regard to spine surgery, improving pedicle screw accu-
racy is an area where VR offers advantages, given the risks to 
neural and vascular structures of misplaced screws. It has been 

Fig. 1 Spine bioskills training laboratory arrangement.

Fig. 2 Section cut of 3D-printed vertebrae showing internal mesh 
trabecular structure while housed within a thick cortical wall. 
Model was printed with 100% clear resin off the Form 2 SLA 
printer. (Reprinted with permission from John Hao, PhD.)
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reported that residents have a 15% misplacement rate for tho-
racic pedicle screws, and the overall rate of pedicle screw breech-
es is 5.1%.29,33 It requires an understanding of complex 3D anat-
omy to properly align each screw trajectory. In one randomized 
study of residents’ ability to learn accurate lumbar pedicle screw 
placement, Shi et al34 compared a virtual surgical training simula-
tor with a traditional teaching session, which included a didactic 
spine model (40 minutes) and a video demonstration (10 min-
utes). Residents assigned to the virtual simulator had 30 minutes 
to practice bilateral pedicle screw insertion from L1 to L5. Both 
groups then placed pedicle screws by free-hand technique into 
cadavers, and CT scans of the spines were graded and assessed 
by 3 experienced observers. The VR simulation group was found 
to have significantly fewer pedicle breeches and greater pedicle 
screw accuracy compared with the didactic control group.34

ImmersiveTouch (Figure 4) is one known simulator on the 
market. ImmersiveTouch has been more thoroughly validated 
through research and provides haptic feedback. Additionally, 
the device simulates percutaneous lumbar puncture, Jamshidi 
needle biopsy, thoracic and lumbar pedicle screw placement, 
percutaneous spinal fixation, and vertebroplasty. It uses real 
patient CT and MRI data to create 3D representations, which 
can be used for preoperative planning and procedural practice. 
Another simulator, the Surgical Rehearsal Platform (Figure 5)  
uses patient imaging to create an interactive 3D setting for 
preoperative planning and procedural rehearsal, and is able to 
simulate pedicle screw trajectory before surgery.35

ImmersiveTouch states that the launch of ImmersiveView 
provides the only suite of integrated VR real-time solutions for 

personalized surgical planning, patient engagement, and surgi-
cal training using patented haptic technology.

VR simulation could be a valuable adjunct to resident edu-
cation, but the lack of replication of manual skills and tactile 
feedback limit their usefulness to preoperative planning and 
understanding complex patient-specific 3D anatomy.36 Haptic 
feedback and the ability to accurately manipulate tissue will be 
necessary components of a successful realistic VR training 
system, and its teaching potential can be strengthened through 
combination with physical simulation. Unfortunately, the sig-
nificant financial investment to acquire these systems is 
another barrier to their widespread adoption by residency pro-
grams. Currently, virtual simulation has promising potential for 
applications in spine surgery training, but few prospective and 
randomized controls trials are available in the literature.

BIOSKILLS TRAINING COMBINATIONS
Each of these training methods has its inherent advantages 

and disadvantages. Cadavers most accurately represent human 

Fig. 3 In-office Fortus 250 3D printer. (Reprinted with permis-
sion from Adam Schwartz, MD.)

Fig. 4 ImmersiveTouch simulator. (Reprinted with permission 
from ImmersiveTouch Inc.)

Fig. 5 Surgical Rehearsal Platform. (Reprinted with permission 
from Surgical Theater LLC.)
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anatomy and tissue, but come at a high cost, are not reusable, 
often have osteoporotic bone, rarely have spinal pathology, 
require additional staff and laboratory space, and have ethical 
concerns regarding their procurement and use. Synthetic mod-
els are portable, more reusable, and can simulate pathology, but 
they represent bone and soft tissue poorly. VR is reusable and 
can simulate pathology, but has a significantly high cost, less 
realistic haptic response, and requires technical expertise to 
maintain, and software subscriptions.

Pedicle screw instrumentation has been extensively evalu-
ated using many combinations of simulations.9,29,37-41 3D navi-
gation used with cadavers and Sawbones is another way for 
residents to improve the accuracy of pedicle screw placement, 
as demonstrated by Hou et al40,41 in both the cervical and tho-
racic spine. Sundar et al37 showed that augmented simulation 
using 3D navigational assistance combined with cadavers and 
Sawbones was superior to didactics alone at decreasing the 
overall pedicle screw placement error rate in the cervical, tho-
racic, and lumbar spine. In addition, Gottschalk et al42 per-
formed a blinded randomized controlled study of residents and 
reported that training with 3D navigation significantly improved 
the ability of residents to properly drill simulated cervical lat-
eral mass screws. Gibby et al38 demonstrated that a head-
mounted display AR system with superimposed CT and 
Sawbones improved the accuracy of percutaneously placed 
pedicle screws. 3D navigation, already being widely used clini-
cally, has also been demonstrated to be useful for resident train-
ing when combined with cadavers and Sawbones. Sundar et al37 
compared didactics alone versus didactics combined with 
cadavers, Sawbones, and 3D navigation, and found a decreased 
overall screw placement error rate when residents are given 
opportunities to practice using navigation. Although exposure 
to navigation, robotics, and VR can be helpful during resident 
training, we, like others, have emphasized the need to use direct 
and open anatomic exposure/training before using technology 
on a regular basis. Overreliance on these techniques can lead to 
an inability of residents to manually identify the correct entry 
points for pedicle screws.43

Decompression techniques also can benefit from a combi-
nation approach. High-speed drills and burrs require practice 
to handle, and bioskills training is a practical way to allow 
residents to handle these tools in a safe environment. Boody 
et al18 reported a concise lumbar laminectomy bioskills train-
ing course combining didactics with practice on cadavers and 
Sawbones as an effective way of teaching. Additionally, Harrop 
et al44 developed a cervical spine simulator for posterior cervi-
cal decompression (C8 foraminotomy and C3–C6 laminectomy) 
combined with a 2-hour didactic session, which significantly 
improved both OSATS technical scores and didactic scores for 
all participants. In addition to the pretest assessments, the 
didactic session incorporated a session on basic principles of 
cervical anatomy (15 minutes), hands-on training with faculty 
(60 minutes), and an explanation of the simulator (10 min-
utes). The greatest improvement from pretest to posttest 
scores was 20% for 2 individuals. The authors emphasized the 
benefit of setting clearly defined educational goals and 7 

specific educational sections based on prior pilot studies with 
residents.44

Surgical simulation using these modalities allows residents 
to practically apply theoretical knowledge gained through 
didactics. A combination of different simulation methods seems 
to be especially effective.1,13,18,37,38,40-42 Residents at different 
levels of training also rank the educational benefit of these 
methods differently, with junior residents benefiting the most 
from practice on cadavers and synthetic models, and senior 
residents reporting more benefit from the virtual simulators.9

DISCUSSION
Bioskills training using the discussed modalities has been 

demonstrated to be a safe and effective way to increase resident 
confidence and performance in learning spine surgery tech-
niques such as instrumentation and decompression. They are 
most effective when used in combination, and residents are 
given independent and deliberate spaced opportunities to prac-
tice. Feedback from attending surgeons is also an important 
component.35 A survey of attending orthopedic spine surgeons 
reported that they would be more likely to advance the partici-
pation of residents who demonstrate skills appropriately in a 
bioskills module. Sixty-two percent of respondents wanted to 
increase the time residents spend on bioskills, and reported 
faculty time constraints and financing to be the biggest factors 
limiting this increase. Forty percent reported their bioskills 
budget to be between US $1000 and $10,000. Given that spine 
surgeons believe the most beneficial aspect of bioskills training 
for residents is gaining a familiarity with instruments, synthetic 
models like Sawbones can fulfill this objective at a lower cost 
than cadavers.1

Training opportunities should also be stratified based on 
resident experience. Junior residents receive the greatest benefit 
from more basic training handling instruments and learning com-
plex 3D anatomy; thus, a combination of didactics and applied 
practice on cadavers and Sawbones would be the most efficient 
use of their time.1 Spaced repetition is a critical aspect of inde-
pendent learning, so open access to these training tools for resi-
dents should be included.10,45,46 Senior residents should have 
access to tools that facilitate practice of more advanced proce-
dures such as pedicle screw placement and decompressions. 
While 3D navigation combined with cadavers and synthetic 
models is effective in improving residents’ accuracy of pedicle 
screw placement, free-hand technique should be taught first to 
ensure independence and accuracy before use of technology.43

Incorporating 3D-printed spines from patient imaging into 
training modules offers an opportunity for residents to get prac-
tice operating on specific pathologies, which is a limitation of 
cadavers. 3D-printed materials and techniques are making 
progress to increasing the fidelity of tactile feedback to human 
bone. Costs of these machines and materials will continue to 
decrease due to market competition, and may offer a reliable 
alternative to cadavers in the near future. This would enable 
residency programs to control their own production of simula-
tion models and tailor the training experience to whichever 
procedure or pathology they choose.
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1. Which one of the following types of embalmed cadaver is most 
suitable for bone instrumentation?
A. Crosado-embalmed
B. Thiel-embalmed
C. Formalin-embalmed
D. Ethanol-embalmed

2. Which one of the following bioskills training modalities has the 
most overall benefit, according to junior residents (PGY 1–3)?
A. Sawbones
B. Cadavers
C. Virtual simulators
D. Didactics

3. Which one of the following bioskills training modalities has the 
most overall benefit, according to senior residents (PGY 4–6)?
A. Sawbones
B. Cadavers
C. Virtual simulators
D. Didactics

4. Which one of the following is a possible disadvantage of training 
residents in pedicle screw instrumentation using AR exclusively?
A. Increased instrumentation time
B. Decreased pedicle screw accuracy
C. Inability to manually identify screw entry points
D. More critical medial pedicle wall breeches (>2 mm)

5. Synthetic bone models can be created from patient CT/MRI 
data.
A. True
B. False

6. Orthopedic spine fellows can expect to add, on average, how 
many spine cases during their fellowship training?
A. 100 to 300
B. 200 to 400
C. 300 to 500
D. 400 to 600

7. Which one of the following orthopedic subspecialties is 
associated with the highest risk for malpractice cases?
A. Joints
B. Hand
C. Foot and ankle
D. Spine

8. Compared with the didactic control group, residents who 
practiced lumbar pedicle screw insertion on a virtual simulator 
demonstrated greater performance on pedicle screw accuracy 
and number of pedicle wall breeches.
A. True
B. False

9. How many pedicle screws does a trainee need to place to 
achieve an acceptable level of reproducible accuracy?
A. 0 to 40
B. 40 to 80
C. 80 to 120
D. 120 to 160

10. The use of AR in resident bioskills training has been 
demonstrated repeatedly to improve which one of the following?
A. Procedure time
B. Pedicle screw accuracy
C. Breech identification
D. Orthopaedic In-Training Examination score
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